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(57) ABSTRACT

A method (100) of operation 1n a passive optical network
system (600) includes transmitting wave division multi-
plexed data in a downstream link (617) of an optical distribu-
tion network (618) using a plurality of optical line terminals
(601,602,603). Fach optical line terminal (601,602,603)
operates at a unique wavelength, and 1s synchronized to each
other optical line terminal by a common reference (643).
Upstream data 1s recerved from an upstream link (619) of the
optical distribution network on a shared common upstream

wavelength (620).

19 Claims, 7 Drawing Sheets
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METHODS AND SYSTEMS FOR
SYNCHRONOUS SIGNALING ACROSS
MULTIPLE DOWNSTREAM WAVELENGTHS
IN A PASSIVE OPTICAL NETWORK

BACKGROUND

1. Technical Field

This 1mvention relates generally to passive optical net-
works, and more particularly to data transmission and recep-
tion systems and methods for passive optical networks.

2. Background Art

Passive optical networks transmit large amounts of data
using optical fibers. In passive optical network systems, un-
powered optical splitters allow a single fiber to serve multiple
end units, which are commonly referred to as optical network
units or optical network terminals. Optical network units are
end units configured, typically, to serve multiple users. For
example, an optical network unit may serve the occupants of
an apartment building. Optical network terminals are end
units serving a single user, such as a residence or business.

An optical line terminal 1s disposed at one end of the
passive optical network, with the end unit disposed at the
other. The optical line terminal, frequently part of a commu-
nication service provider’s hardware, 1s a device that recerves
clectrical signals from service providers, converts those sig-
nals to optical signals, and then transmits the optical signals to
end units across the optical data network. In traditional pas-
stve optical network systems, the optical line terminal deliv-
ers a single downstream signal that 1s received by every end
unit. Said differently, each optical network unit or optical
network terminal sees the same downstream signal, with data
designated for the optical network unit or optical network
terminal forming only a portion of the downstream signal.
Encryption of packets in the downstream signal prevents one
end unit from eavesdropping on the other. Upstream data
from the end units 1s then multiplexed 1n accordance with a
known standard.

While traditional passive optical networks work well in
practice, the amount of data that can be transmitted 1s con-
strained. The data transmission rate or bandwidth 1s con-
strained both by the fact that a common downstream signal
must be shared by multiple users and by the physical cost
required to increase transmission rates. Small increases in
data transmission rates can require an exponential increase 1n
cost. It would be advantageous to have methods and systems

suitable for passive optical networks that can increase data
transmission rates without significantly increasing cost.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a method of operation 1n a passive optical
network configured 1n accordance with one or more embodi-
ments of the invention.

FI1G. 2 1llustrates a prior art passive optical network system.

FIG. 3 1llustrates one explanatory passive optical network
system that employs passive optical network components
configured 1n accordance with one or more embodiments of
the 1nvention.

FI1G. 4 1llustrates one explanatory passive optical network
component configured 1n accordance with one or more
embodiments of the invention.

FI1G. 5 illustrates another explanatory passive optical net-
work component configured 1n accordance with one or more
embodiments of the mvention.
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FIG. 6 illustrates a schematic block diagram of one
explanatory passive optical network system configured 1n

accordance with one or more embodiments of the invention.

FIG. 7 1llustrates a method of managing a passive optical
network configured in accordance with one or more embodi-
ments of the invention.

Skilled artisans will appreciate that elements in the figures
are 1llustrated for simplicity and clarity and have not neces-
sarily been drawn to scale. For example, the dimensions of
some ol the elements 1n the figures may be exaggerated rela-
tive to other elements to help to improve understanding of
embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Betore describing 1n detaill embodiments that are 1n accor-
dance with the present invention, 1t should be observed that
the embodiments reside primarily in combinations of method
steps and apparatus components related to transmission of
data 1n a passive optical network employing wave division
multiplexing downstream and a shared common wavelength
upstream. Any process descriptions or blocks 1n flow charts
should be understood as representing modules, segments, or
portions of code, which include one or more executable
instructions for implementing specific logical functions or
steps 1n the process. Alternate implementations are included,
and 1t will be clear that functions may be executed out of order
from that shown or discussed, including substantially concur-
rently or 1in reverse order, depending on the functionality
involved. Accordingly, the apparatus components and
method steps have been represented where appropriate by
conventional symbols in the drawings, showing only those
specific details that are pertinent to understanding the
embodiments of the present invention so as not to obscure the
disclosure with details that will be readily apparent to those of
ordinary skill 1n the art having the benefit of the description
herein.

It will be appreciated that embodiments of the mvention
described herein may be comprised of one or more conven-
tional processors and unique stored program instructions that
control the one or more processors to implement, 1n conjunc-
tion with certain non-processor circuits, some, most, or all of
the functions of transmitting and receiving data in a passive
optical network as described herein. The non-processor cir-
cuits may 1include, but are not limited to, optical drivers,
optical filters, optical receivers, optic to electronic signal
converters, multiplexers, demultiplexers, signal drivers,
clock circuits, power source circuits, and control devices. As
such, these functions may be interpreted as steps of a method
to perform wave division multiplexed transmission by syn-
chronous optical line terminals with upstream data reception
on a shared common wavelength. Alternatively, some or all
functions could be implemented by a state machine that has
no stored program instructions, or in one or more application
specific integrated circuits (ASICs), in which each function or
some combinations of certain of the functions are 1mple-
mented as custom logic. Of course, a combination of the two
approaches could be used. Thus, methods and means for these
functions have been described herein. Further, 1t 1s expected
that one of ordinary skill, notwithstanding possibly signifi-
cant effort and many design choices motivated by, for
example, available time, current technology, and economic
considerations, when guided by the concepts and principles
disclosed herein will be readily capable of generating such
software mstructions and programs and ASICs with minimal
experimentation.
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Embodiments of the invention are now described 1n detail.
Referring to the drawings, like numbers indicate like parts
throughout the views. As used in the description herein and
throughout the claims, the following terms take the meanings
explicitly associated herein, unless the context clearly dic-
tates otherwise: the meaning of “a,” “an,” and “the” includes
plural reference, the meaning of “in” includes “in” and “on.”
Relational terms such as first and second, top and bottom, and
the like may be used solely to distinguish one entity or action
from another entity or action without necessarily requiring or
implying any actual such relationship or order between such
entities or actions. Also, reference designators shown herein
in parenthesis indicate components shown in a figure other
than the one in discussion. For example, talking about a
device (10) while discussing figure A would refer to an ele-
ment, 10, shown 1n figure other than figure A.

Embodiments of the present invention provide a system
level approach for passive optical networks that allow cost
clfective increasing ol downstream bandwidth while effi-
ciently managing a shared upstream link on a common wave-
length that avoids collisions. In one or more embodiments,
multiple optical line terminals are synchronized with a single,
common reference. When synchronized, the optical line ter-
minals are capable of transmitting wave division multiplexed
data 1n a downstream link, with each optical line terminal
operating at a different wavelength or color. At the same time,
upstream data can be recetved from a plurality of end units on
a shared, common, upstream wavelength using temporal mul-
tiplexing. For the purposes of the description below, optical
network terminal and optical network unit will be used inter-
changeably, with each representing an end unit of a passive
optical network system disposed opposite the optical distri-
bution network from the optical line terminals.

Embodiments of the present invention provide advantages
over prior art systems 1n that wave division multiplexing can
be used downstream with a shared upstream wavelength that
can be used by multiple optical network terminals without
data collision. Embodiments of the present invention can
provide, for example, 4x 1ncreases (or more) in downstream
data transmission rates with only a modest incremental
increase 1n system cost, and while avoiding upstream data
collisions.

Turning to FIG. 1, illustrated therein 1s one explanatory
method 100 of operation 1n a passive optical network, with
steps occurring 1n accordance with one or more embodiments
of the invention. At step 101, each of a plurality of optical line
terminals 1s synchromized with the other optical line termi-
nals. In one embodiment, each of the optical line terminals 1s
operational at a different wavelength, and accordingly 1s con-
figured to transmit data with a unique color. For instance, a
first optical line terminal may transmit at 530 nm, while
another transmits at 640 nm, with a third transmitting at 720
nm, and so forth. In one embodiment, synchronization occurs
by providing a common reference or common clock to all
optical line terminals that can be used for data transmission.

At step 102, the optical line terminals transmit data via
wave division multiplexing to a plurality of optical network
terminals. In one embodiment, a multiplexer 1s disposed
between the optical line terminals and the optical distribution
network. The multiplexer can join the signals of various
wavelengths 1nto a common signal across the optical distri-
bution network. While each optical line terminal can be con-
figured to transmit data with a different color, multiple optical
network terminals can receive a particular color, with encryp-
tion being used to prevent eavesdropping. For example, 1n a
system having three optical line terminals and nine optical
network terminals, a first optical line terminal can be config-
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4

ured to transmit data at 530 nm to three of the optical network
terminals. Similarly, a second optical line terminal can be
configured to transmit data to three other optical network
terminals at 640 nm. A third optical line terminal can be
configured to transmit data at 720 nm, with the final three
optical network terminals recerving the same. Encryption can
be used to ensure the three optical network terminals recerv-
ing data at the 530 nm wavelength do not eavesdrop on each
other. In short, while wave division multiplexing includes
transmitting data when each optical line terminal operates at
a unique wavelength, an optical line terminal can transmit to
multiple optical network terminals with its unmique wave-
length.

At step 103, upstream bandwidth on a common, shared
upstream wavelength 1s allocated to each of the optical net-
work terminals. In one embodiment, this allocation 1s deliv-
ered 1n accordance with a multiple access protocol for the
shared common upstream wavelength. One example of a
multiple access protocol 1s time division multiple access.
With time division multiple access, each optical network
terminal 1s allocated a unique timeslot on the shared common
upstream link 1n which 1t should transmuit data. In one embodi-
ment, each optical network terminal receives 1ts reference
from the wave division multiplexed downstream signal. Since
the optical line terminals are all synchronized with a common
reference at step 101, each optical network terminal waill
accordingly be synchronized with a common reference. The
synchronization occurring at step 101 not only permits down-
stream wave division multiplexing and a shared upstream
wavelength, but also serves to synchronize the optical line
terminals to prevent data collisions 1n the upstream link.

At step 104, upstream data 1s received. In one embodiment,
the upstream link functions on a single, common, shared
wavelength that 1s shared by all optical network devices.
While time division multiplexing {from commonly referenced
optical network terminals can be used 1n the upstream link, 1t
will be clear to those of ordinary skill in the art having the
benelit of this disclosure that embodiments of the invention
are not so limited. To with, other upstream multiple access
protocols can be used as well, including code division multi-
plexing, spatial multiplexing, and so forth.

While the method 100 of FIG. 1 provides an overview of
one method of operation in a passive optical network 1n accor-
dance with one or more embodiments, of the invention, the
advantages associated with embodiments of the invention
become more readily apparent when the methods and systems
described herein are compared with prior art systems. As
shown in FIG. 1, 1n one embodiment, multiple optical line
terminals are synchronized and transmit downstream using
unique wavelengths 1 a wave division multiplexed mode
while upstream transmission shares a common upstream
wavelength. This differs from traditional systems where a
shared wavelength 1s used both downstream and upstream. As
noted above, when using a singular wavelength both down
and up, this limited bandwidth must be shared by all devices,
thereby constraining data rate. Using the method of FIG. 1,
downstream transmission rates can be significantly increased
via wave division multiplexing.

System designers have long grappled with the *“shared
wavelength—Ilimited bandwidth” problem. Turning to FIG.
2, 1llustrated therein 1s one prior art attempt to increase trans-
mission rates by using wave division multiplexing. The prob-
lem with the system 200 of FIG. 2 1s that it 1s cost prohibitive
for most all applications.

Theprior art system 200 of FI1G. 2 includes multiple optical
line terminals 201,202,203 and multiple optical network ter-

minals 204,205,206. Each optical line terminal 201,202,203
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and optical network terminal 204,205,206 transmits and
receives on a unique wavelength. For example, optical line
terminal 201 transmits downstream on a first wavelength 207
to optical network terminal 204. Similarly, optical line termi-
nal 201 receives upstream data on a second wavelength 208
that 1s different from, but associated with, the first wavelength
207. Accordingly, there 1s a one-to-one correspondence of the
wave division multiplex wavelengths—each optical line ter-
minal 201,202,203 employs a unique wavelength down and
another unique wavelength upstream.

A first problem with the system 200 of FIG. 2 1s that each
optical network terminal 204,205,206 1s required to employ a
tunable transceiver and dual filter, both of which are expen-
stve components. For example, optical network terminal 204
1s required to have a tunable transcerver 209 and a dual filter
212. The tunable transceiver 209 must be adjustable such that
it can transmit data upstream 1n any of a variety of wave-
lengths, with the wavelength being set by the optical line
terminal 201 from which the optical network terminal 204 1s
receiving data. The tunable transceiver 209 must also be
tunable so as to recerve the particular wavelength 1ts corre-
sponding optical line terminal 201 1s delivering. Laser
sources that can be tuned to transmit and/or receive 1n differ-
ent colors are generally very expensive.

The second problem 1s that the dual filter 212 must be set to
receive the first wavelength 207 and to transmit the second
wavelength 208. As shown 1n FIG. 2, this requirement results
in each dual filter 212,213,214 having its own unique design.
This requirement adds additional cost to the system.

Just as the optical network terminals 204,205,206 are
required to use tunable transcervers 209,210,211, so too are
the optical line terminals 201,202,203. For example, optical
line terminal 201 must have a downstream laser 215 that 1s
tunable to the first wavelength 207 and an upstream receiver
216 that can be tuned to the second wavelength 208. This
requirement again increases cost.

While the wave division multiplexing offered by the sys-
tem 200 of FIG. 2 does increase system bandwidth, the cumu-
lative effect of the cost adders noted above makes the system
cost prohibitive for most commercial applications. The “one-
to-one” correspondence of a unique wavelength downstream
combined with a unique wavelength upstream for each opti-
cal network terminal 204,205,206 cannot be used, {for
example, 1n systems delivering television and broadband
communications to homes because 1t 1s cost prohibitive.
Instead 1t 1s only applicable to small trunk networks, across
short distances, where commercial customers transmit and
receive data onthe order of gigabytes per second. For all other

applications, the system 200 of FIG. 2 1s simply too expen-
SIve.

Turning to FIG. 3, illustrated therein 1s a passive optical
network 300 configured in accordance with one or more
embodiments of the invention. The simplicity of FIG. 3 15 a
counterpoint to the complexity of the system (200) of FIG. 2.
This simplification of the passive optical network 300 of FIG.
3 over the system (200) of FIG. 2 parallels the cost savings
that are realized when using the methods and systems
described herein.

In FIG. 3, a plurality of optical line transmission terminals,
shown collectively as passive optical network component
301, 1s configured for wavelength division multiplexed trans-
mission of data in the downstream link 317 on an optical
distribution network 318 to a plurality of optical network
terminals 304,305,306. In one embodiment, the optical dis-
tribution network 318 comprises an optical fiber 321 shared
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by both the optical line transmission terminals of the passive
optical network component 301 and the optical network ter-
minals 304,305,306.

A synchronizer, which forms an element of the passive
optical network component 301, 1s configured to synchronize
signaling from each of the plurality of optical line transmis-
s1on terminals with a common reference as described above.
To 1llustrate by way of example, a {irst optical line transmis-
sion terminal can be configured to transmit data at a first
wavelength 1n accordance with the common reference from
the synchronizer, while a second optical line transmission
terminal can be configured to transmit data at a second wave-
length 1 accordance with the common reference. Accord-
ingly, the first optical line transmission terminal and the sec-
ond optical line transmission terminal transmit data at
different colors, thereby expanding the capacity of the optical
distribution network 318.

However, to alleviate the need for uniquely designed filters
and tunable transceivers, which added to both complexity and
costin the system (200) of FIG. 2, the passive optical network
component 301 includes an optical line recerver terminal that
1s configured to receive data via the upstream link 319 of the
optical distribution network 318 on a common wavelength
320 that 1s shared by each of the optical network terminals
304,305,306. Thus, in contrast to the “one-to-one” correspon-
dence of the system (200) of FIG. 2, each of the optical
network terminals 304,305,306 in the passive optical network
300 of FIG. 3 transmits upstream data on a shared, common
wavelength 320, thereby eliminating the need for a tunable
transcerver 1n each optical network terminal 304,305,306. In
one embodiment, the common wavelength 320 shared by the
optical network terminals 304,305,306 1s different from both
the first wavelength and the second wavelength—or other
wavelengths—present 1n the downstream link 317.

FIG. 4 1llustrates a schematic block diagram of one
embodiment of the passive optical network component 301
from FIG. 3. A plurality of optical line transmission terminals
401,402,403 are configured for wavelength division multi-
plexed downstream data transmission. Each optical line
transmission terminal 401,402,403 operates at a unique
wavelength. For example, a first optical line transmission
terminal 401 1s configured to transmit at a first wavelength
440. A second optical line transmission terminal 402 1s con-
figured to transmit at a second wavelength 441, and so forth.

A synchronizer 442 1s configured to synchronize signaling
from each optical line transmission terminal 401,402.,403. In
one embodiment, synchronization comprises delivering a
common reference 443 to each optical line transmission ter-
minal 401,402.403.

An allocation module 444 functions as an upstream link
manager in that it manages the upstream link of the optical
distribution network (318) to prevent data collisions when
cach optical network terminal (304,3035,306) transmuits data in
the upstream link (319). In one embodiment, the allocation
module 444 allocates a predetermined bandwidth of the
upstream link (319) to each optical network terminal (304,
305,306) coupled to the optical distribution network (318) by
speciiying time slots in which the optical network terminals
(304,305,306) may transmit by instructing the optical net-
work terminals (304,305,306) to transmit 1n the upstream link
(319) using a time division multiple access protocol 446.

FIG. 5 illustrates one embodiment of an end unit 500
comprising an optical network terminal 304 configured 1n
accordance with one or more embodiments of the invention.
The end unit 500 of this i1llustrative embodiment includes the
optical network terminal 304 and a corresponding tunable
optical filter 550.
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Recall from above that tunable transcervers can be prohibi-
tively expensive 1n many applications because the manufac-
ture of laser sources capable of being tuned to different colors
1s an expensive endeavor. By contrast, tunable optical filters
can be manufactured relatively mnexpensively. Since each
optical network terminal (304,305,306) 1n accordance with
embodiments of the present invention each transmits on the
shared, common wavelength (320) in the upstream link (319),
tunable transceivers are not needed in the optical network
terminal 304. However, to accommodate wavelength division
multiplexed transmission in the downstream link (317), in
one embodiment a tunable optical filter 5350 1s included. The
tunable optical filter 550 1s configured to be tunable to a
predetermined wavelength the optical network terminal 304
1s intended to receive. Said differently, 1n one embodiment the
tunable optical filter 550, being disposed between the optical
distribution network (318) and each optical network terminal
304, 1s configured to select a single wavelength, e.g., first
wavelength (440), from a plurality of multiple coexistent
wavelengths propagating 1n the downstream link (317) of the
optical distribution network (318). In this manner, the tunable
optical filter 550 selects the data intended for its optical net-
work terminal 304.

Turning back to FIG. 4, in addition to allocating bandwidth
in the upstream link (319), in one embodiment the allocation
module 444 1s further configured to tune each of the optical
network terminals (304,305,306) to recerve a predetermined
wavelength that 1s different from every other wavelength
received by other optical network terminals. For example, the
allocation module 444 can be configured to tune the tunable
optical filter (550) for one optical network terminal (304) to
receive a color that 1s unique to that optical network terminal
(304). The allocation module 444 can similarly tune the other
tunable filters to recerve diflerent colors.

While the allocation module 444 can be configured to tune
cach tunable filter, 1t will be clear to those of ordinary skill 1n
the art having the benefit of this disclosure that the tunable
filters can be tuned 1n other ways as well. For example, a
service provider may provide system-level defimitions of
what wavelengths or colors will be recerved by certain optical
network terminals (304,305,306). Accordingly, when those
optical network terminals are 1nstalled, the installer may pro-
gram the corresponding tunable filter to pass a predetermined
wavelength to the optical network terminal. For example, 1
optical network terminal (304) 1s to recerve a 640 nm wave-
length, 1ts tunable optical filter (550), which 1s a band-pass
filter 1n one embodiment, may be set to filter the various
multiple coexistent wavelengths being transmitted in the
downstream link (317) to obtain the predetermined wave-
length intended for optical network terminal (304), 1.e., the
640 nm wavelength. Other tuming mechanisms can be used as
well.

The passive optical network component 301 of FIG. 4
includes an optical line receiver terminal 445. In this 1llustra-
tive embodiment, the optical line receiver terminal 445 1s
synchronized to the common reference 443 provided by the
synchronizer 442. The optical line recerver terminal 445 1s
configured to receive upstream data from the optical distribu-
tion network (318) on a common wavelength 320. The com-
mon wavelength 320 1s shared by each of the optical network
terminals (304,305,306) that are in communication with the
passive optical network component 301.

Turning now to FIG. 6, illustrated therein i1s one passive
optical network system 600 that incorporates the elements of
FIGS. 4 and 5 together to form a system that accommodates
wave division multiplexing 1n the downstream link 617 while
sharing a common wavelength 620 1n the upstream link 619.
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As shown 1n FIG. 6, multiple optical line terminals 601,
602,603 are configured for wavelength division multiplexed
downstream data transmission on an optical distribution net-
work 618 to a plurality of optical network terminals 604,605,
606. Note that while a single optical network terminal 604,
605 1s drawn 1n some s1tuations, 1t 1s to be understood that this
can represent multiple optical network terminal devices that
share a particular downstream wavelength. To this end, opti-
cal network terminal 605 has been drawn as one explanatory
example of multiple optical network terminals sharing a
single downstream wavelength. Accordingly, as used 1n the
figures, any singular optical network terminal should be
understood as representing either a single optical network
terminal or a plurality of optical network terminals sharing a
common downstream bandwidth.

For ease of illustration, a single optical distribution net-
work 618 capable of carrying 32 channels 1s shown 1n FI1G. 6.
It will be obvious to those of ordinary skill 1n the art having
the benefit of this disclosure that multiple optical distribution
networks can be placed 1n parallel to carry additional chan-
nels.

A common reference 643 synchronizes all optical line

terminals 601,602,603. In this embodiment, synchronizing
comprises providing a common clock to every optical line
terminal 601,602,603.

A first optical line terminal 601 1s configured to transmit at
a first wavelength 640 according to the common reference
643. Similarly, a second optical line terminal 602 1s config-
ured to transmit at a second wavelength 641 according to the
common reference. Each optical line terminal 601,602,603
operates at a unique wavelength to transmit wave division
multiplexed data along the downstream link 617 of the optical
distribution network 618. A combiner (not shown) combines
the unique wavelengths for transmission along the down-
stream link 617.

Having common synchronization, each optical line termi-
nal 601,602,603 is able to operate in a coordinated fashion.
Not only do they transmit at different wavelengths, but 1n one
embodiment each optical line terminal 601,602,603 has
knowledge of when the other 1s sending data as well. In one
embodiment, this 1s accomplished by making a first optical
line terminal 601 a master, and the remaining optical line
terminals 602,603 slaves. Accordingly, each optical line ter-
minal 601,602,603 would be coordinated with the others—
not just from a base reference, but also by the frame going
down. This coordination facilitates accurate selection of
upstream data from the upstream link receiver 643 because
cach optical network terminal 604,605,606 recerves data on
the same time base and recognizes the same time “zero”
across wavelengths. The common upstream link receiver 645
can then recerve all data from the optical network terminals
604,605,606 and then distribute the recerved data by packet to
the appropriate source in one embodiment.

Data for each optical network terminal 604,605,606 1s
transmitted on the various wavelengths. Some downstream
data 1s transmitted using the first wavelength 640, while other
data 1s transmitted using the second wavelength 641. Illus-
trating by way of example, optical line terminal 601 may be
configured to transmit data to optical network terminal 604
using the first wavelength 640, while optical line terminal 602
may be configured to transmit data to optical network termi-
nal 604 using the second wavelength 641. Note that encryp-
tion can still be employed because multiple optical network
terminals can share a common color 1n one or more embodi-
ments to increase the number of optical network terminals
served by a single optical distribution network.
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As described above, a common wavelength 620 1s shared
by each of the optical network terminals 604,605,606. In one
embodiment, the common wavelength 620 1s different from
both the first wavelength 640 and the second wavelength 641.
A common upstream link receiver 645 1s configured to
receive upstream data from the optical network terminals
604,605,606 on the common wavelength 620 that1s shared by
the optical network terminals 604,605,606 on the upstream
link 619.

To prevent collisions, an upstream link manager 644 1s
configured to manage the upstream link 619 of the optical
distribution network 618. In one embodiment, the upstream
link manager 644 permits the synchronized optical line ter-
minals 601,602,603 to independently control the upstream
bursts from the optical network terminals 604,605,606 so
there are no collisions in the upstream link 619. In one
embodiment, the upstream link manager 644 transmits mes-
sages with temporal mapping on the physical network layer
indicating 1n which time slots each optical network terminal
604,605,606 may transmit. In one embodiment, the temporal
mapping 1s 1n accordance with a time division multiplexed
access protocol where the time slots are allocated between the
optical network terminals 604,605,606.

While the allocation can be accomplished 1n a variety of
ways, a few explanatory methods will be set forth here. It 1s
understood that each optical network terminal 604,605,606
can be disposed at varying distances from the optical line
terminals 601,602,603. As such, the delay between down-
stream and upstream transmission can be different for each
optical network terminal 604,6035,606. In one embodiment,
the upstream link manager 644 can be configured to measure
the delay with test transmissions and set a register in each
optical line terminal 601,602,603 to equalize the delay. Once
the registers are set, the upstream link manager 644 can be
configured to transmit grants to each optical network terminal
604,605,606 on 1ts corresponding wavelength. Each grant
serves as a permission slip used to define an 1nterval of time
for upstream transmission from a respective optical network
terminal 604,605,606. The map of the registers can be peri-
odically recalculated, e.g., every few seconds, to reallocate
bandwidth 1n the upstream link 619.

While the preceding paragraph provides one method of
allocating the upstream link 619 to the optical network ter-
minals 604,605,606. However, 1t will be clear to those of
ordinary skill in the art having the benefit of this disclosure
that other methods can be used as well. For instance, in
another embodiment, the upstream link manager 644 can be
configured to employ dynamic bandwidth allocation using
statistical multiplexing to manage upstream transmission 1n
accordance with network traific engineering concepts. In yet

another embodiment, reporting schemes can be used. The
upstream link manager 644 can poll each optical network
terminal 604,605,606 for data backlog levels. Where back-
logs are high, more time may be allocated to a particular
optical network terminal. In yet another embodiment, each
optical network terminal 604,605,606 can be configured with
a predefined allocation, combined with instructions to trans-
mit blank frames when no data 1s present. The upstream link
manager 644 can be configured to increase or decrease a
particular allocation based upon the number (or lack of) idle
frames being transmitted.

Regardless of method, the upstream link manager 644 pro-
vides each optical network terminal 604,605,606 with the
knowledge of when 1n time to transmit using a framing pro-
tocol. Moreover, each optical line terminal 601,602,603 has
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corresponding information such that it may select data from
its optical network terminal when recerved by the upstream
link receiver 645.

As shown 1n FIG. 6, each optical network terminal 604,
605,606 has associated therewith a tunable optical filter 650,
651,652. The tunable optical filters 650,651,652 1n this 1llus-
trative embodiment are configured as band pass filters. Each
tunable optical filter 650,651,652 1s commonly configured to
pass the shared, common upstream wavelength 620. How-
ever, each tunable optical filter 650,651,652 1s uniquely tuned
to receive a predetermined wavelength that 1s different from
every other wavelength received by others of the optical net-
work terminals.

Note that the term “predetermined” 1s used to designate a
particular wavelength that a corresponding optical network
terminal 604,605,606 should receive. The tuning can be done
dynamically. In one embodiment, a pre-designated wave-
length can be used to discover a new optical network terminal
that 1s added to the system. Once that optical network termi-
nal 1s recognized by the system, 1t could be directed to tune to
a new wavelength 1t should receive, 1.e., its predetermined
wavelength, by the optical line terminal based on current
bandwidth or demand conditions. Illustrating by example,
during the evening, residential optical network terminals can
be re-tuned to a new predetermined wavelength that 1s ordi-
narily used by businesses during the day. Accordingly, its
predetermined wavelength during the evening would be dii-
ferent from its predetermined wavelength during the day.

Referring again to FIG. 6, tunable optical filter 650 may be
tuned to recerve a 640 nm wavelength during the day, while
tunable optical filter 651 may be tuned to receive a 680 nm
wavelength, and so forth. These wavelengths serve as the
predetermined wavelengths for tunable optical filters 650 and
651, respectively, during the day. At mght, tunable optical
filter 650 may be tuned to receive a different predetermined
wavelength, such as 720 nm, and so forth.

In one embodiment, all of the optical network terminals
604,605,606 can be configured to transmit, for example, a
common wavelength of 780 nm. By using the common wave-
length 620, each optical network terminal 604,605,606 can
use a fixed transmitting laser. Said differently, there 1s no
requirement that the transmitting laser sources of the optical
network terminals 604,605,606 be tunable.

In one embodiment, an optional tuner 633 at the optical line
terminal side of the optical distribution network 618 1s con-
figured to tune each of the tunable optical filters 650,651,652
to 1ts predetermined wavelength. As noted above, the prede-
termined wavelength can change. Where a tuner 633 1s used,
the overall passive optical network system 600 becomes
dynamic such that the tunable optical filters 650,651,652 can
be tuned to different colors based upon factors such as dis-
tance, bandwidth consumption, and so forth. Illustrating by
example, the tunable optical filters 650,651,652 can be tuned
such that optical network terminals closer to the optical line
terminals 601,602,603 receive wavelengths of 850 nm, while
those disposed at medium distances recerve wavelengths of
1310 nm. Those further away can be tuned to receive wave-
lengths of 1550 nm, and so forth. In other embodiments where
a tuner 653 1s not used, other devices can be used to tune each
tunable optical filter 650,651,652. As noted above, 1n one
embodiment, the tunable optical filters 650,651,652 can be
tuned at installation 1n accordance with a system plan.

The passive optical network system 600 of FIG. 6 allows
increased bandwidth of gigabit-capable systems in an
extremely cost effective manner. For example, using four 2.5
gigabit/s optical line terminals, a 10 gigabit/s downstream bit
rate can be achieved for a fraction of the cost that using a
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single 10 gigbit/s optical line terminal would incur. Similarly,
it 1s less expensive to user four 10 gigabit/s transmitters to
obtain a 40 gigabit/s downstream link than to use a single 40
gigabit/s transmitter.

Cost reduction comes primarily from four factors: First,
lower rate optical line terminals are less expensive than are
higher rate optical line terminals. Second, since a common
upstream wavelength 620 1s used, each optical network ter-
minal 604,605,606 can use a fixed wavelength transmutter.
Third, the incremental cost of employing tunable optical {il-
ters 650,651,652 1s far less than the incremental cost of tun-
able transmitters. Fourth, a common upstream link recerver
645 can be used, rather than one recerver for each optical line
terminal as was the case n FIG. 2. Synchromization with the
common clock across all optical line terminals 601,602,603
makes this cost savings possible. In short, a system with
synchronous signaling across multiple downstream wave-
lengths can provide desired increases 1n downstream band-
width with only a modest incremental increase 1n system cost.
Experimental analysis suggests that a 4x 1ncrease 1n down-
stream bandwidth can be achieved with only a 10-15% cost
adder compared to systems that employ a single wavelength
both down and up. Note that embodiments of the invention are
applicable to various passive optical network systems, includ-
ing GPON, EPON, and other network architectures.

Advantageously, the passive optical network system 600 of
FIG. 6 offers many advantages over prior art systems. A {irst
advantage 1s that tunable optical filters 650,651,652 can be
used instead of the tunable optical transmitters that were
required 1n the system (200) of FIG. 2. Tunable optical filters
are vastly less expensive than are tunable lasers.

A second advantage 1s that the tunable optical filters 650,
651,652 eliminate the need for the fixed filters that were
required i the system (200) of FIG. 2. This allows for system
reconiigurability 1n that the filters can be dynamically tuned
based upon system conditions.

A third advantage 1s that the upstream link 619 1s simpli-
fied. This 1s true because the upstream link receiver 645 can
run in a continuous mode, receving data from all optical
network terminals 604,605,606. By contrast, each receiver of
the system (200) of FIG. 2 must not only be duplicated across
optical line terminals, but must run 1n a burst mode.

Turning now to FIG. 7, illustrated therein i1s another
method 700 for passive optical networks configured 1n accor-
dance with one or more embodiments of the invention. Many
of the steps ol the method 700 have been described above with
reference to the systems shown i FIGS. 3-6. Accordingly,
those steps will be briefly described here.

At step 701 at least a first optical line terminal operating at
a first wavelength and a second optical line terminal operating
a second wavelength that different from the first wavelength
are synchromized. In one embodiment, the synchronizing
comprises providing a common clock to both the first optical
line terminal and the second optical line terminal.

At step 702, the first optical line terminal and the second
optical line terminal transmit downstream data to the optical
distribution network using the first wavelength for some data
and the second wavelength for other data. In one embodi-
ment, the transmitting comprises transmitting to a first optical
network terminal using the first wavelength and transmitting
to a second optical network terminal using the second wave-
length. Said differently, the transmitting can include trans-
mitting first downstream data from a first optical line terminal
to a first optical network terminal using a first wavelength and
transmitting second downstream data from a second optical
line terminal to a second optical network terminal using a
second wavelength that 1s different from the first wavelength.
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At step 703, each of a plurality of optical network terminals
1s tuned to receive a predetermined wavelength that 1s differ-
ent from every other wavelength recerved by each other opti-
cal network terminals. This step 703 can include tuning a
tunable filter associated with a first optical network terminal
to receive the first wavelength. Similarly, a second tunable
filter associated with a second optical network terminal 1s
tuned to receive the second wavelength. In one embodiment,
the tuning results 1n band pass filtering the first wavelength at
the first optical network terminal and band pass filtering the
second wavelength at the second optical network terminal.

At step 704, upstream data 1s managed by allocation among
the optical network terminals. The allocation can be time
based. For instance, first upstream data from the first optical
network terminal can be time division multiplexed with sec-
ond upstream data from the second optical network terminal
on a shared, common upstream wavelength. The upstream
wavelength, being different from downstream wavelengths,
thus 1s independent of the tuning performed 1n step 703. The
allocation of step 704 can include instructing each optical
network terminal to transmit in the upstream link using a time
division multiple access protocol. At step 705, upstream data
1s received from the optical network terminals on the
upstream wavelength shared by each optical network termi-
nal.

In the foregoing specification, specific embodiments of the
present invention have been described. However, one of ordi-
nary skill in the art appreciates that various modifications and
changes can be made without departing from the scope of the
present invention as set forth 1n the claims below. Thus, while
preferred embodiments of the invention have been illustrated
and described, it 1s clear that the invention 1s not so limited.
Numerous modifications, changes, variations, substitutions,
and equivalents will occur to those skilled 1n the art without
departing from the spirit and scope of the present invention as
defined by the following claims. Accordingly, the specifica-
tion and figures are to be regarded 1n an illustrative rather than
a restrictive sense, and all such modifications are intended to
be 1included within the scope of present invention. The ben-
efits, advantages, solutions to problems, and any element(s)
that may cause any benefit, advantage, or solution to occur or
become more pronounced are not to be construed as a critical,
required, or essential features or elements of any or all the
claims.

What 1s claimed 1s:

1. A method of operation 1n a passive optical network, the
method comprising:

transmitting wave division multiplexed data 1n a down-

stream link of an optical distribution network using a
plurality of optical line terminals, each optical line ter-
minal operating at a unique wavelength and being syn-
chronized to each other optical line terminal by a com-
mon reference:

coordinating each optical line terminal of the plurality of

optical line terminals as a function of the common ref-
erence and by transmission frame to provide each opti-
cal line terminal with a common zero across operating,
wavelengths; and

recerving upstream data from an upstream link of the opti-

cal distribution network on a shared common upstream
wavelength.

2. The method of claim 1, further comprising tuning each
optical network terminal of a plurality of optical network
terminals to receive a predetermined wavelength that 1s dif-
ferent from every other wavelength received by each other
optical network terminal of the plurality of optical network
terminals.
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3. The method of claim 2, wherein the tuning comprises
filtering multiple coexistent wavelengths in the downstream
link to obtain the predetermined wavelength.

4. The method of claim 1, further comprising allocating a
bandwidth of the upstream link to a plurality of optical net-
work terminals coupled to the optical distribution network.

5. The method of claim 4, wherein the allocating comprises
instructing the plurality of optical network terminals to trans-
mit 1n the upstream link using a time division multiple access
protocol.

6. The method of claim 1, wherein the transmitting com-
prises transmitting first downstream data from a {first optical
line terminal to a first optical network terminal using a first
wavelength and transmitting second downstream data from a
second optical line terminal to a second optical network ter-
minal using a second wavelength different from the first
wavelength.

7. The method of claim 6, further comprising band pass
filtering the first wavelength at the first optical network ter-
minal and band pass filtering the second wavelength at the
second optical network terminal.

8. The method of claim 6, wherein the shared common
upstream wavelength 1s different from the first wavelength
and the second wavelength.

9. A passive optical network component, comprising:

a plurality of optical line transmission terminals configured
for wavelength division multiplexed downstream data
transmission on an optical distribution network to a plu-
rality of optical network terminals, each optical line
transmission terminal operating at a unique wavelength;

a synchronizer configured to synchronize signaling from
cach of the plurality of optical line transmission termi-
nals with a common reference;

an upstream link manager configured to manage an
upstream link of the optical distribution network using
time division multiplexed access allocated between the
plurality of optical network terminals, the upstream link
manager coordinating each optical line transmission ter-
minal as a function of the common reference and by
transmission frame to provide each optical line trans-
mission terminal with a common zero across operating
wavelengths; and

an optical line recewver terminal configured to receive
upstream data from the optical distribution network on a
common wavelength shared by the each of the plurality
of optical network terminals.

10. The passive optical network component of claim 9,

wherein:
the plurality of optical line transmission terminals com-
Prises:
at least a first optical line transmaission terminal config-
ured to transmuit at a first wavelength according to the
common reference; and

a second optical line transmission terminal configured to
transmit at a second wavelength according to the com-
mon reference; and
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the common wavelength shared by the each of the plu-
rality of optical network terminals 1s different from
both the first wavelength and the second wavelength.

11. The passive optical network component of claim 9,
wherein the optical distribution network comprises an optical
fiber shared by the plurality of optical line transmission ter-
minals and the plurality of optical network terminals.

12. The passive optical network component of claim 9,
turther comprising the plurality of optical network terminals.

13. The passive optical network component of claim 12,
turther comprising a filter disposed between the optical dis-
tribution network and each optical network terminal, the filter
being configured to select a single wavelength from a plural-
ity of multiple coexistent wavelengths propagating in the
optical distribution network.

14. A method comprising;

synchronizing by a common reference at least a first optical

line terminal operating at a first wavelength and a second
optical line terminal operating a second wavelength dii-
ferent from the first wavelength;

transmitting downstream data to an optical distribution

network using the first wavelength for some data and the
second wavelength for other data;
coordinating each optical line terminal of a plurality of
optical line terminals as a function of the common ret-
erence and by transmission frame to provide each opti-
cal line terminal with a common zero across operating,
wavelengths;
polling each optical network terminal of the plurality of
optical network terminals for a data backlog level;

allocating more transmission time to higher data back-
logged optical network terminals than to lesser data
backlogged optical network terminals; and

receving upstream data from the plurality of optical net-

work terminals on an upstream wavelength shared by the
plurality of optical network terminals.

15. The method of claim 14, wherein the synchromizing
comprises providing a common clock to both the first optical
line terminal and the second optical line terminal.

16. The method of claim 14, further comprising tuning a
first optical network terminal to receive the first wavelength
and tuning a second optical network terminal to receive the
second wavelength.

17. The method of claim 14, wherein the transmitting com-
prises transmitting to a first optical network terminal using the
first wavelength and transmitting to a second optical network
terminal using the second wavelength.

18. The method of claim 17, wherein first upstream data
from the first optical network terminal 1s time division mul-
tiplexed with second upstream data from the second optical
network terminal on the upstream wavelength.

19. The method of claim 14, wherein the upstream wave-
length 1s independent of the tuning to recerve the first wave-
length and the tuning to recerve the second wavelength.
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